e Classical swine fever, caused by classical swine fever virus (CSFV), is a highly contagious disease that results in enormous economic losses in pig industries. The E2 protein is one of the main structural proteins of CSFV and is capable of inducing CSFVneutralizing antibodies and cytotoxic T lymphocyte (CTL) activities in vivo. Thymosin ␣-1 (T␣1), an immune-modifier peptide, plays a very important role in the cellular immune response. In this study, genetically engineered Lactobacillus plantarum bacteria expressing CSFV E2 protein alone (L. plantarum/pYG-E2) and in combination with T␣1 (L. plantarum/pYG-E2-T␣1) were developed, and the immunogenicity of each as an oral vaccine to induce protective immunity against CSFV in pigs was evaluated. The results showed that recombinant L. plantarum/pYG-E2 and L. plantarum/pYG-E2-T␣1 were both able to effectively induce protective immune responses in pigs against CSFV infection by eliciting immunoglobulin A (IgA)-based mucosal, immunoglobulin G (IgG)-based humoral, and CTL-based cellular immune responses via oral vaccination. Significant differences (P < 0.05) in the levels of immune responses were observed between L. plantarum/pYG-E2-T␣1 and L. plantarum/pYG-E2, suggesting a better immunogenicity of L. plantarum/pYG-E2-T␣1 as a result of the T␣1 molecular adjuvant that can enhance immune responsiveness and augment specific lymphocyte functions. Our data suggest that the recombinant Lactobacillus microecological agent expressing CSFV E2 protein combined with T␣1 as an adjuvant provides a promising strategy for vaccine development against CSFV. C lassical swine fever virus (CSFV), a member of the Pestivirus genus of the Flaviviridae family, is a small, enveloped, singlestranded RNA virus. The genome of CSFV consists of a positivestranded RNA molecule of about 12.3 kb, encoding a single open reading frame that is translated into a 3,898-amino-acid polyprotein, giving rise to different CSFV proteins after coprocessing and after translational processing (1, 2). Of these, the E2 structural protein encompasses major antigenic domains and cytotoxic T lymphocyte (CTL) epitopes, suggesting a promising candidate for an immunogen with the capacity to induce neutralizing antibodies and CTL activities against CSFV (3-10). CSFV often causes severe and lethal disease in pigs, resulting in enormous economic losses in pig industries (11, 12) . Therefore, the development of effective vaccines against CSFV infection is an issue of growing importance.
C lassical swine fever virus (CSFV), a member of the Pestivirus genus of the Flaviviridae family, is a small, enveloped, singlestranded RNA virus. The genome of CSFV consists of a positivestranded RNA molecule of about 12.3 kb, encoding a single open reading frame that is translated into a 3,898-amino-acid polyprotein, giving rise to different CSFV proteins after coprocessing and after translational processing (1, 2) . Of these, the E2 structural protein encompasses major antigenic domains and cytotoxic T lymphocyte (CTL) epitopes, suggesting a promising candidate for an immunogen with the capacity to induce neutralizing antibodies and CTL activities against CSFV (3) (4) (5) (6) (7) (8) (9) (10) . CSFV often causes severe and lethal disease in pigs, resulting in enormous economic losses in pig industries (11, 12) . Therefore, the development of effective vaccines against CSFV infection is an issue of growing importance.
For the development of CSFV vaccines, the roles of neutralizing antibody-based humoral immune responses (13, 14) and CTL-based cellular immune responses (15) (16) (17) (18) (19) (20) have been both highlighted. Furthermore, the invasion of CSFV often initiates at mucosal surfaces, particularly intestinal tissues, and thus, vaccination inducing IgA-based protective mucosal immunity via the mucosal approach could effectively prevent the virus from entering the body via mucosa and its further spread to the systemic circulation. Taken together, the design of new vaccines that could trigger protective antiviral mucosal and systemic immune responses will provide a promising strategy for the development of a vaccine against CSFV infection.
In this respect, mucosal immunization has been proven to be an effective approach (21, 22) . The key here is to develop efficient vaccine carriers that can prevent immunogens from being inactivated by gastric acid or digested in the anterior part of the gut. One promising approach relies on the use of live vehicles (23) . The potential of lactic acid bacteria to deliver heterologous antigens to the mucosal immune system has been investigated during the last decade (20, (24) (25) (26) (27) (28) (29) ; this approach offers a number of advantages over the traditional parenteral vaccination, such as noninvasiveness and the possibility of eliciting both mucosal and systemic immune responses. Moreover, probiotic lactobacilli are well known for beneficial effects on the health of humans and animals, and they can survive transit through the upper gastrointestinal tract and colonize the intestinal tract (20, 30, 31) , showing intrinsic adjuvant activity (32, 33) .
Thymosin ␣-1 (T␣1) is a nontoxic immune-modifier peptide hormone secreted by the thymus and plays a very important role in cellular immune responses (34, 35) , being able to trigger maturational events in lymphocytes, augment T-cell function and antibody production, and promote reconstitution of immune defects, which suggests that it may be an ideal molecular vaccine adjuvant. In the present study, a recombinant Lactobacillus strain expressing CSFV E2 protein combined with T␣1 was developed, and its immunogenicity as an oral vaccine to induce protective immune responses to CSFV in pigs was analyzed. Our data showed that oral vaccination with the recombinant strain was able to induce protective immunity against CSFV infection at the mucosal, humoral, and cellular levels, indicating a new vaccine strategy for the control of CSFV.
MATERIALS AND METHODS
Virus, bacterium, and plasmid. Lactobacillus plantarum HA33-1, a naturally plasmid-free isolate from yogurt, and surface-expressed plasmid pYG301 (containing the bacteriophage T7 promoter, the cell wall anchor motif from Streptococcus pyogenes M6 protein, the chloramphenicol resistance determinant, and repA and repC replication elements) were used in this work. L. plantarum was grown anaerobically in MRS broth (Sigma, USA) at 37°C. CSFV strain Shimen was propagated in porcine kidney 15 (PK-15) cells in minimum essential medium (MEM; Life Technologies, USA), pH 7.0, plus 10% fetal bovine serum (FBS; Life Technologies, USA) at 37°C in a 5% CO 2 incubator. Virus titers were determined by endpoint dilution titrations on PK-15 cells according to a previously described method (18, 36) .
Construction of recombinant Lactobacillus strain expressing E2-T␣1. Genomic RNA of CSFV propagated in PK-15 cells was extracted using a MiniBEST universal RNA extraction kit (TaKaRa, Japan) according to the manufacturer's instructions, followed by reverse transcription to generate the first-strand cDNA using an Omniscript RT kit (Qiagen, Germany), following the manufacturer's instructions. Then, the CSFV E2 gene was synthesized by PCR with HiFi Taq DNA polymerase (TaKaRa, Japan), using the cDNA as the template, with cycling conditions of 35 cycles of 94°C for 45 s, 61.5°C for 45 s, 72°C for 60 s, and a final extension at 72°C for 10 min. The PCR primers were as follows: 5=-CTCGAGATG CGGCTAGCCTGCAAGGAAGATTACA-3= (forward), containing an XhoI site (underlined), and 5=-GGATCCGG-AGGAGGAGGAGGAGGA ACCAGCGGCGAGTTGTTC-3= (reverse), containing a BamHI site and partial oligonucleotides encoding a linker (underlined). Then, the CSFV E2 gene (amplicon size, 1,155 bp) was inserted as an XhoI/BamHI fragment into plasmid pYG301, giving rise to pYG-E2. pET-T␣1 was constructed in our laboratory as follows: genomic DNA of calf thymus was extracted using a tissue/cell/blood genome DNA extraction kit (Qiagen, Germany), and the gene encoding T␣1 was amplified and inserted into plasmid pET-28a, generating pET-T␣1. The T␣1 gene was amplified from pET-T␣1 by PCR with the oligonucleotides 5=-GGATCCGGAGGAGGA GGAGGAGGAATGTCAGACGCAGCCGTA3= (forward), containing a BamHI site and partial oligonucleotides encoding a linker (underlined), and 5=-GGTACCTTATCTTCCATTTTCTGCCTCTTCCACAACTTC-3= (reverse), containing a KpnI site (underlined), with cycling conditions of 35 cycles of 94°C for 15 s, 57.5°C for 30 s, 72°C for 15 s, and a final extension at 72°C for 5 min. Then, the T␣1 gene (amplicon size of 102 bp) was cloned as a BamHI/KpnI fragment into pYG-E2, giving rise to recombinant plasmid pYG-E2-T␣1, where E2 and T␣1 were linked together by oligonucleotides encoding a flexible linker (GGGGGGGSGGGGGG). Then, pYG-E2-T␣1 was electroporated into competent cells of L. plantarum HA33-1 using a previously described method (29) , generating a recombinant strain named L. plantarum/pYG-E2-T␣1.
Fusion protein expression. L. plantarum/pYG-E2-T␣1 was cultured overnight in MRS medium plus 2% xylose at 37°C and then collected by centrifugation at 12,000 ϫ g for 10 min. The cells were lysed by boiling for 10 min in 2ϫ SDS-PAGE loading buffer (1 M Tris-HCl, pH 6.8, 7.0 mM SDS, 0.15 mM bromophenol blue, and 0.2% [vol/vol] glycerol), and the lysates were analyzed via 10% SDS-PAGE. After that, proteins were electrotransferred onto a nitrocellulose membrane (Invitrogen, USA), and the immunoblots were developed using mouse anti-CSFV E2 antiserum (to prepare mouse anti-CSFV E2 antiserum, the CSFV E2 protein was prokaryotically expressed by Escherichia coli, purified, and used to immunize BALB/c mice, and then the polyclonal antisera were collected and purified by IgG antibody screening spin plates [Pierce, USA]) and mouse anti-T␣1 antibody (Abcam, England). Horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG (Sigma, USA) diluted at 1:2,000 was used as the secondary antibody, and then immunolabeled bands were visualized with a chemiluminescent substrate reagent (Pierce, USA) according to the manufacturer's instructions. An immunofluorescence assay was also performed to determine the surface-displayed localization of the E2-T␣1 fusion protein from L. plantarum/pYG-E2-T␣1. In brief, L. plantarum/pYG-E2-T␣1 cells induced with xylose were collected by centrifugation, and then the cells were incubated with mouse anti-CSFV E2 antiserum (1:1,000) at 37°C for 2 h. After washing the cells thrice with sterile phosphate-buffered saline (PBS) to remove uncombined antibodies, the cells were incubated with fluorescein isothiocyanate-conjugated goat anti-mouse IgG (Sigma, USA) containing 1% Evans blue at 37°C for 2 h and then analyzed using confocal microscopy. Noninduced L. plantarum/pYG-E2-T␣1 was used as a control.
Oral immunization. All animal experiments were approved by the Experimental Animal Care Ethics Committee of Northeast Forestry University. The L. plantarum/pYG-E2-T␣1 and L. plantarum/pYG-E2 cells that were induced by xylose overnight were centrifuged and resuspended in suspension buffer (0.2 mol/liter NaHCO 3 , 5% casein acid hydrolysate, 0.5% sucrose) to a concentration of ca. 10 10 CFU/ml. Then, the recombinant strain suspensions were fully mixed with pig feed raw materials, and a manual extruder was used to cold extrude the mixtures into particles (0.5 cm by 1 cm on average) containing, on average, ca. 10 9 CFU/g of the recombinant strain. Experimental pigs (5 to 7 weeks old with no maternal antibody to CSFV) and miniature pigs of d/d haplotype were kept under specific-pathogen-free conditions. In order to test the immunogenicity of L. plantarum/pYG-E2-T␣1, vaccine groups of 15 pigs and 3 miniature pigs were vaccinated orally with 10 9 CFU/g L. plantarum/pYG-E2-T␣1 per kg of body weight, following a previously described immune protocol (20) . Another group of 15 pigs and 3 miniature pigs orally immunized with L. plantarum/pYG-E2 were used as vaccine controls. Control groups of 15 pigs received pellet feed containing L. plantarum or PBS, respectively. On days 0, 7, 21, 35, 42, and 56 after the first immunization, blood samples were collected in vacuum tubes from each group and placed overnight at 4°C, after which the blood samples were centrifuged at 2,000 ϫ g for 15 min and the sera were stored at Ϫ70°C until required. Moreover, intestinal lavages were collected using a previously described method (37) . In brief, three pigs were randomly selected from each group, and after an overnight fast, lavage was performed using polyethylene glycol electrolyte lavage solution. The lavage solution was given at a rate of 250 ml every 15 min for a period of 2 h, and intestinal lavages were collected once the material passed from the rectum became liquid, clear, and free of fecal material. An approximately 10-ml sample was collected from each pig, filtered, centrifuged, treated with protease inhibitors, and then stored at Ϫ70°C.
ELISA of anti-CSFV E2 antibody levels. A 96-well ELISA plate was coated overnight with whole CSFV viruses propagated in PK-15 cells at 4°C. Following saturation of the wells with PBS-10% bovine serum albumin (BSA) at 37°C for 2 h, sera or intestinal lavages were used as the primary antibody and incubated at 37°C for 1 h. After that, bound antibodies were detected using HRP-conjugated goat anti-pig IgG or IgA at a dilution of 1:2,000 (Sigma, USA) at 37°C for 1 h. Following washing the plate thrice with PBS-0.05% Tween 20, color development was performed using tetramethylbenzidine (Qiagen, Germany) as the colorimetric substrate, followed by measuring the absorbance at 450 nm.
Neutralization ability of antibodies obtained from vaccinated pigs. A virus plaque reduction assay was performed to evaluate the neutralization ability of the serum IgG and mucosal IgA obtained from the vaccinated pigs. In brief, 50-l amounts of undiluted samples were prepared in a 96-cell plate. CSFV was adjusted to a concentration of 200 50% tissue culture infective doses (TCID 50 ) in 50 l of virus diluent (10% concentrated Hanks balanced salt solution, 0.1% BSA, pH 7.4) and was added into the wells, mixed, and incubated at 37°C for 1 h. Then, 100 l of PK-15 cells was added to the antibody-virus mixture and incubated in a 5% CO 2 incubator at 37°C for 4 days. The overlay medium was discarded, and the wells were washed thrice with sterile PBS, pH 7.4, and stained with 1% crystal violet solution. Differences in the number of plaques formed between treatments were examined for the level of significance by Student's t test after analysis of variance.
Cellular immune responses. To evaluate cellular immune responses induced in vaccinated pigs, the CTL activities and levels of lymphokines (gamma interferon [IFN-␥], interleukin 2 [IL-2], and tumor necrosis factor alpha [TNF-␣]) were determined. The levels of IFN-␥, IL-2, and TNF-␣ in sera were determined by using the IFN-␥, IL-2, and TNF-␣ swine enzyme-linked immunosorbent assay (ELISA) kits (Invitrogen, USA) according to the manufacturer's instructions. For the determination of CTL activities, experimental miniature pigs of d/d haplotype were bled on day 42 after the first immunization to prepare peripheral blood mononuclear cells (PBMCs) by a previously described method (38) , and intestinal tissue samples were obtained via laparotomy, from which lamina propria lymphocytes were prepared (39) . These immune cells were seeded in a 96-well microplate to a concentration of 1 ϫ 10 6 /ml in RPMI In the cytotoxicity assay, 1 ϫ 10 6 /ml target cells were labeled with 100 Ci of Na 2 51 CrO 4 (Amersham, USA) in a 5% CO 2 incubator at 37°C for 1 h. After washing, the cells were resuspended in culture medium to a concentration of 1 ϫ 10 3 cells per well. Then, the CSFV-infected target cells were added to various concentrations of effector cells (ranging from 1.25 ϫ 10 4 to 5.0 ϫ 10 4 cells per well) and incubated in a 5% CO 2 incubator at 37°C for 4 h. The chromium levels in the supernatants were measured using a COBRA auto-gamma model 5003 gamma counter (Packard, USA). The percentage of specific cytolytic activity was calculated by a previously described method (20) . Mock-infected target cells were used as a control, and all experiments were performed in triplicate.
Virus challenge experiment. On day 35 after the first immunization, pigs that were orally vaccinated with L. plantarum/pYG-E2-Ta1, L. plantarum/pYG-E2, or PBS were challenged orally with 10 5 TCID 50 of CSFV strain Shimen. These pigs were examined daily for clinical symptoms and fever, defined by the rectal temperature of the pig, and survival rates were recorded postchallenge. An ϳ46-kDa protein was expressed in L. plantarum/pYG-E2-T␣1 cells induced by xylose (lanes 1 and 2) but not in noninduced cells (lanes 3 and 4) . Western blotting showed that an immunoreactive band was developed in a position similar to that observed by SDS-PAGE using mouse anti-CSFV E2 antibody (lane a) and mouse anti-T␣1 antibody (lane e), respectively. However, there was no corresponding band observed in noninduced L. plantarum/pYG-E2-T␣1 (lanes b and f). The E2 protein expressed by L. plantarum/pYG-E2 was identified via SDS-PAGE (lane 5) and Western blotting (lane c), and there was no corresponding band observed in the noninduced cells (lanes 6 and d) 
RESULTS

Expression of fusion protein.
The cell lysates of L. plantarum/ pYG-E2-T␣1 were analyzed via SDS-PAGE and Western blot analysis. An appropriate-sized protein (about 46 kDa) was expressed in xylose-induced L. plantarum/pYG-E2-T␣1 cells (Fig. 1,  lanes 1 and 2) but not in noninduced cells (Fig. 1, 3 and 4) . Next, an immunoreactive band in a position similar to that observed via SDS-PAGE was developed by Western blotting using mouse anti-CSFV E2 antiserum (Fig. 1, lane a) and mouse anti-T␣1 antibody (Fig. 1, lane e) ; there was no corresponding band observed in noninduced L. plantarum/pYG-E2-T␣1 cells (Fig. 1, lanes b and  f) . Meanwhile, the E2 protein expressed by L. plantarum/pYG-E2 cells was analyzed by SDS-PAGE (Fig. 1, lane 5) and Western blotting (Fig. 1, lane c) . Furthermore, an immunofluorescence assay showed that there was green-yellow fluorescence on the surface of L. plantarum/pYG-E2-T␣1 cells induced by xylose ( Fig.  2A) but not on the surface of noninduced cells, which were dyed red by Evans blue (Fig. 2B) . Our results indicated that the protein of interest can be efficiently expressed by L. plantarum/pYG-E2-T␣1 and is displayed on the surface of cells.
Immune responses to CSFV induced in pigs. The capacity of L. plantarum/pYG-E2-T␣1 to induce mucosal and systemic immune responses in pigs via oral administration was evaluated by determining the presence of anti-E2 IgG and IgA antibodies, respectively, via ELISA. As shown by the data in Fig. 3 , compared to the results for the control groups, significant levels (P Ͻ 0.01) of antigen-specific mucosal IgA (Fig. 3A) and antigen-specific systemic IgG (Fig. 3B) were elicited in pigs orally vaccinated with L. plantarum/pYG-E2-T␣1 or L. plantarum/pYG-E2 after the second booster, while there was no substantial difference (P Ͼ 0.05) observed among the negative-control groups before and after immunization. Compared to the immunogenicity of the L. plantarum/ pYG-E2 strain, which expresses only E2 protein, the L. plantarum/ pYG-E2-T␣1 strain, which expresses E2 protein in combination with T␣-1, promoted stronger antigen-specific immune responses at both the mucosal and the systemic level (P Ͻ 0.05), indicating an effective vaccine molecular adjuvant feature of T␣-1.
CSFV-neutralizing ability of antibodies. Virus plaque reduction assays were carried out to determine the neutralizing ability of antibodies obtained from pigs orally immunized with L. plantarum/pYG-E2-T␣1 on days 0, 7, 21, 35, 42, and 56 after the first immunization. The results showed that the presence of anti-CSFV E2 IgA (Fig. 4A) or IgG (Fig. 4B) antibody in the culture medium conferred significant neutralizing ability against CSFV infection (P Ͻ 0.05), and the antibody samples obtained from the pigs orally vaccinated with L. plantarum/pYG-E2-T␣1 showed better neutralizing ability than those obtained from the pigs orally immunized with L. plantarum/pYG-E2.
Specific cytotoxic responses induced by L. plantarum/pYG-E2-T␣1 in vivo. The capacity of L. plantarum/pYG-E2-T␣1 to elicit specific cytotoxic responses against CSFV in pigs at mucosal and systemic levels was analyzed in vivo. PBMCs and lamina propria lymphocytes obtained from the miniature pigs orally vaccinated with L. plantarum/pYG-E2-T␣1 on day 42 after the first immunization were restimulated with CSFV in vitro, and their cytotoxic activities were determined based on the lysis of CSFVinfected target cells labeled with chromium. Mock-infected MAX cells were used as a control. The results showed that specific CTL activity against CSFV-infected MAX cells was observed at both the mucosal level (Fig. 5A ) and the systemic level (Fig. 5B) when the CSFV-restimulated PBMCs and lamina propria lymphocytes, respectively, were used as effector cells. Moreover, the levels of lymphokines IFN-␥ (Fig. 6 ), IL-2 (Fig. 7) , and TNF-␣ (Fig. 8) induced in pigs were determined. L. plantarum/pYG-E2-T␣1 triggered a more effective cellular immune responses than L. plantarum/ pYG-E2 due to the adjuvant effect of T␣1.
CSFV challenge against pigs vaccinated with L. plantarum/ pYG-E2-T␣1. A virus challenge experiment was performed to evaluate the protective effect of L. plantarum/pYG-E2-T␣1 vacci- plantarum and PBS, respectively. On days 0, 7, 21, 35, 42, and 56 after the first immunization, the IgA and IgG levels were determined by ELISA. The data show that both mucosal and systemic immune responses against CSFV can be efficiently elicited by L. plantarum/pYG-E2-T␣1 and L. plantarum/pYG-E2 via oral administration and that L. plantarum/pYG-E2-T␣1 showed a better immunogenicity than L. plantarum/pYG-E2 as a result of the T␣1 molecular adjuvant. Compared to the results for control groups, significant levels of IgA and IgG were observed both in the L. plantarum/pYG-E2-T␣1 group and the L. plantarum/pYG-E2 group (P Ͻ 0.01) after the second booster (on day 30). Moreover, significant levels (P Ͻ 0.05) of IgA and IgG were elicited in the L. plantarum/pYG-E2-T␣1 group compared to the levels in the L. plantarum/ pYG-E2 group after the second booster. Bars represent the mean results Ϯ standard errors of the means for each group. nation of pigs against CSFV infection postvaccination. The results showed an effective protection rate of 80% against CSFV challenge in pigs vaccinated with L. plantarum/pYG-E2-T␣1, which was higher than that (53.3%) in pigs vaccinated with L. plantarum/ pYG-E2, while the control group of pigs that received PBS only developed severe clinical symptoms of classical swine fever (CSF) after virus challenge and were euthanized when moribund. The pigs orally vaccinated with L. plantarum/pYG-E2-T␣1 or L. plantarum/pYG-E2 showed a virus challenge-induced peak fever (means of 39.7°C for the L. plantarum/pYG-E2-T␣1 group and 40.9°C for the L. plantarum/pYG-E2 group) from day 4 to 6 postchallenge, and on days 7 to 9 after challenge, the surviving pigs recovered gradually from clinical signs of CSFV, while the PBS group of pigs showed a longer period of high fever (mean of 42.1°C) after virus infection, until they were euthanized. Moreover, the vaccine group of pigs orally immunized with L. plantarum/pYG-E2-T␣1 showed a reduced mortality pattern and significantly improved survival relative to the outcomes for the vaccine control group of pigs that received L. plantarum/pYG-E2, indicating that a better protective effect was obtained from L. plantarum/ pYG-E2-T␣1 via oral immunization.
DISCUSSION
Although CSF has been efficiently controlled by stamping-out methods and vaccination or a combination of the two, the eradication strategy has inevitably caused enormous economic losses worldwide. Moreover, the European Union has banned vaccination using traditional CSFV avirulent vaccines against CSFV since 1990 because infections induced by vaccines or field virus cannot be distinguished serologically (17) . Therefore, the development of new efficacious vaccines to protect animals against CSFV is being pursued. For vaccines against CSFV such as subunit, DNA, or vector vaccines, the vaccine delivery strategies all focus on the intramuscular injection route. The initial infection of CSFV mainly occurs at the mucosal tissues, particularly in the intestine. Therefore, it is important to develop vaccines that not only induce effective mucosal immune responses to prevent the virus from invading at the mucosa but also elicit specific immunity in systemic lymphoid tissues once viral infections that have gained entrance through the mucosal surfaces become systemic. Thus, the design of vaccines delivered via the mucosal route to induce protective immunity against CSFV will be an effective avenue. The key for vaccination via the mucosal route is that the immunogen must be protected from premature disintegration and degradation due to low pH and proteases in the gastrointestinal tract. In this study, a strain of L. plantarum expressing CSFV E2 protein in combination with T␣1 as an adjuvant was developed, and its immunogenicity as an oral vaccine to induce protective immune responses against CSFV in pigs was investigated.
For vaccine research, one important step is to identify the immune responses and immune defenses stimulated by an immunogen against infection in the host. The role of humoral immunity in CSFV-infected animals has been highlighted (13, 14) . It is widely known that the E2 glycoprotein of CSFV is the principal target for inducing neutralizing antibodies against CSFV infection (6-10). Our results showed that the recombinant L. plantarum strain L. plantarum/pYG-E2-T␣1 was able to elicit significant levels of systemic immune response, producing anti-CSFV E2 IgG with high virus-neutralizing activity in pigs via oral vaccination. Recently, several experimental studies of CSFV vaccines have reported that humoral immune responses to CSFV E2 induced via intramuscular injection conferred effective protection against CSFV, such as E2 protein expressed in orf virus (6) , in yeast (9) , and in baculovirus (10), as well as milk-derived E2 protein (8) . Compared to the results for these E2 subunit vaccines, the Lactobacillus-based E2 live vector vaccine developed in this study could induce not only an IgG-based humoral immune response but also an IgA-based mucosal immune response via oral vaccination. IgA is the predominant antibody at the mucosal surface, produced locally at a level that exceeds those of other immunoglobulins and playing an important role in preventing the invasion of pathogens (40) . Although E2 protein loaded on poly(D,L-lactide-co-glycolide) (PLGA) microspheres could elicit mucosal and systemic immune responses via the gastrointestinal route (7), the Lactobacillus- based live vector used in this work offers a number of advantages over the PLGA microsphere vector, such as colonization ability in the intestinal tract and probiotic and intrinsic adjuvant activities (30, 32) .
Furthermore, cellular immune responses, especially the production of CSFV-specific CD8 ϩ CTLs, represent an important defense mechanism in the elimination of cells infected by CSFV (5, 17, 18) . We evaluated the capacity of L. plantarum/pYG-E2-T␣1 to stimulate CSFV-specific CTL responses in vivo and in vitro. Our findings showed that a CSFV-specific CTL response was determined in the intestinal mucosal tissues of miniature pigs vaccinated orally with L. plantarum/pYG-E2-T␣1 but not in unimmunized animals, which indicated that the effector cells obtained by CSFV restimulation of lamina propria lymphocytes obtained from vaccinated pigs were able to recognize naturally CSFV-infected target cells. The result indicates that CSFV replication within local tissues could be effectively controlled following the induction of a local CD8 ϩ CTL response coupled with the mucosal antibody IgA prior to systemic dissemination. Moreover, CSFV-specific CD8 ϩ CTL were also induced systemically in pigs by L. plantarum/pYG-E2-T␣1 via oral vaccination, and significant levels of the lymphokines IFN-␥, IL-2, and TNF-␣ were determined to have been induced in pigs. Subsequently, we tested the protective capacity of L. plantarum/pYG-E2-T␣1 against CSFV challenge of pigs, and the pigs immunized with L. plantarum/ pYG-E2-T␣1 had obtained effective protection against CSFV challenge, while control groups of pigs developed severe clinical symptoms of CSF with a high fever after virus challenge.
In order to evaluate the adjuvant effect of T␣1, we constructed two recombinant strains of L. plantarum, strain L. plantarum/ pYG-E2, expressing CSFV E2 protein only, and strain L. plantarum/pYG-E2-T␣1, expressing CSFV E2 protein in combination with T␣1 polypeptide, and analyzed their immunogenicities. Our data showed that both mucosal and systemic immune responses against CSFV could be efficiently elicited by these two recombinant strains via oral administration. In contrast, L. plantarum/ pYG-E2-T␣1 showed better immunogenicity than L. plantarum/ pYG-E2, as a result of the T␣1 molecular adjuvant. Significant differences in the IgA and IgG levels (P Ͻ 0.05) induced were observed in pigs vaccinated with L. plantarum/pYG-E2-T␣1 compared to their levels in pigs vaccinated with L. plantarum/pYG-E2, particularly for cellular immune responses. T␣1 can affect immune-regulatory T-cell function, enhance immune responsiveness, augment specific lymphocyte functions, including T-cell maturation, antibody production, and T-cell-mediated cytotoxicity, and promote the expression of lymphokines such as TNF-␣, IFN-␥, and IL-2, suggesting a safe and effective vaccine molecular adjuvant.
In conclusion, our results clearly demonstrate that the recombinant L. plantarum strain expressing CSFV E2 protein in combination with T␣1 polypeptide developed in this study provides a safe and effective oral vaccine to induce protective immunity in pigs against CSFV infection, suggesting a promising vaccine formulation for the development of a CSF vaccine.
